With the increasing number of multi-terawatt (10 12 W) and petawatt (10 15 W) laser interaction facilities being built, the need for a detailed understanding of the potential radiological hazards is required and their impact on personnel is of major concern. Experiments at a number of facilities are being undertaken to achieve this aim. This paper describes the recent work completed on the Vulcan petawatt laser system at the CCLRC Rutherford Appleton Laboratory, where photon doses of up to 43 mSv at 1 m per shot have been measured during commissioning studies. It also overviews the shielding in place on the facility in order to comply with the Ionising Radiation Regulations 1999 (IRR99), maintaining a dose to personnel of less than 1 mSv yr −1 and as low as reasonably practicable (ALARP).
Introduction
At laser interaction intensities of greater than 10 18 W cm −2 , a significant part of the laser energy is converted into the generation of high-energy electrons, leading to the emission of high-energy Bremsstrahlung. Secondary effects through target charging and nuclear reactions lead to the acceleration of protons, ions and neutrons, dominated by (p, n) and (γ , n) reactions; the detailed production of these is discussed elsewhere [1] [2] [3] . The emission of high-energy Bremsstrahlung is particularly significant due to its high transmission through most materials and its effect on the human body. The protection against this type of radiation is now a major part of the design for any high-power laser interaction facility in order to comply with IRR99 [4] . Recent experiments have shown that protection against photon emission dominates the shielding requirements when compared to that required for protection against neutron radiation. Recently published data [5] have identified the strong need for radiological shielding on operational facilities with intensities in the order of 10 19 W cm −2 . Since then, a number of laser facilities with petawatt capabilities (10 15 W) have been, or are in the process of being, constructed across the world and the motivation of this paper is to characterise for the first time the much larger radiological implications of such facilities.
Laser system
The Vulcan laser system [6] utilises the technique of chirped pulse amplification (CPA) [7] to generate both a 100 TW beamline and a 1 PW beamline. The 100 TW facility operates at ∼1 ps, and up to 90 J on target, regularly achieving mid 10 19 W cm −2 using an F3 focusing optic. The petawatt facility, during the period of commissioning, operated at ∼1 ps, with ontarget energies up to 250 J. The focusing optic was an F3 off-axis parabolic mirror producing a 5 µm full width half maximum (FWHM) focal spot. The percentage of laser energy contained within the spot is estimated to be 30%. The laser energy was varied to produce intensities between 5 × 10 19 W cm −2 and 4 × 10 20 W cm −2 . The target angle for all experiments was ∼30
• (see figure 1 ).
Radiation shielding
The 100 TW facility uses removable lead shielding to provide radiological protection for the facility staff and user groups. These have been shown to reduce the radiation level below that detectable by commercial Landauer personal dosimeters with typical resolution of 0.01 mSv. The petawatt facility, however, uses permanent in-built shielding as part of the facility design. This was considered necessary not only due to the high predicted doses for the facility, but also as the facility is surrounded by occupied buildings. The primary photon shielding in place on the Vulcan petawatt facility consists of 15 cm thick localised lead shielding surrounding the laser interaction chamber. In addition, the facility walls are 60 cm thick concrete, providing additional secondary shielding and protection against scattered radiation. The primary shielding around the interaction chamber can be seen in figure 2 . The concrete, in addition to 10 cm of localised high-density polyethylene around the chamber, also provides neutron shielding for the facility. Back-shielding is provided for diagnostic ports (figure 2(A)) and the chamber entrance (figure 2(B)) for both photon and neutron radiation, equivalent to the primary shielding surrounding the chamber. In total, the facility shielding has an attenuation of ∼10 5 for photons at its peak transmission of ∼4 MeV. With a minimum distance to an occupied area of 5 m, this gives the facility an overall attenuation of ∼2 × 10 6 from measurements normalised to 1 m.
Radiation measurements
The experimental goals were based on the requirement to commission the radiological shielding of the petawatt facility. The main aim was to assess the photon dose produced from high atomic number (Z ) target materials at the maximum on-target intensity achievable at the time of commissioning. In order to ensure the maximum safety for personnel, shots began at intensities of mid 10 19 W cm −2 where 100 TW data already exist. The intensity was then varied by changing the laser energy whilst maintaining a fixed pulse length. Different target thickness and target Z were also used to monitor the effects. Work began on low-Z targets as the highenergy components of the radiation were expected to increase with target Z .
All radiological data were collected on single shots using TLD700 thermoluminescence detector (TLD) powder, calibrated to an NPL standard and cross-referenced to commercial personal dosimeters during the experiment. The TLD700 dosimeters were selected as their spectral response reflects that of human tissue. Unlike the commonly used TLD100 dosimeter, the TLD700 also has a very low sensitivity to neutrons. The TLDs were used in a filtered tungsten collimator [8] as shown in figure 3(a) using tungsten filters in order to collect spectral information on the measured radiation. The incident spectrum for each TLD, calculated from mass attenuation coefficient data [9] , can be seen in figure 3(b) .
The TLDs were positioned radially on the horizontal plane at ∼15
• intervals from −45
• to 80
• to the laser axis, as shown in figure 1 . This enabled the angular distribution of the primary radiological direction to be investigated. Previous data have shown that the directionality of the emitted photons is dependent upon the different absorption mechanisms present [8, 10, 11] . All measurements were performed inside the laser interaction chamber in order to characterise the emitted radiation with minimum shielding effects. 
Results
The data collected from the TLDs indicate a peak photon emission in the forward laser direction. This peak emission extends over a 40
• cone angle [11] and can be seen in figure 4. This figure shows the angular variation of dose for each of the filtered TLDs. The right axis applies to the total photon dose (TLD 1-dotted line) and the left axis to the dose for the higher energy filtered TLDs (TLD 2 to TLD 5). The peak photon dose observed during the experiment was 43 mSv at 1 m. The on-target intensity was ∼4 × 10 20 W cm −2 , with ∼230 J on a 1 mm thick gold target. The peak is observed along the laser forward direction, but has some asymmetry towards the target normal (−30
• ). Previous observations [10, 11] have shown that the direction of the photon peak can vary with a change in plasma scale length, typically caused through amplified spontaneous emission (ASE) or pre-pulses on the laser. This can easily explain a slight asymmetry in this direction.
In order to compare the generated dose at different laser energies, the unit of dose per Joule at 1 m is used. Figure 5 shows the collated data for the maximum dose measured on each shot.
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The dose above 300 keV is significant as it is more representative of that transmitted through the interaction chamber wall. The filtering of each TLD allows a comparison of the spectral content of the photon radiation emitted from different target types up to ∼4 MeV. By subtracting the doses from two subsequent TLDs in the same collimator, the dose contained within a small spectral band can be inferred. These spectral bands are shown in figure 6 and the spectral data for the various target types can be seen in figures 7 and 8. Figure 7 illustrates the differences in the spectral components as the target Z increases. It can be seen that as the target Z increases, the higher spectral component also increases, by a factor of 6.5 between the CH (plastic) targets and the Au targets at ∼4 MeV. Figure 8 highlights that 3 mm Au targets do not significantly increase the high-energy components, and only serve to reduce the low-energy components due to the self-attenuation effects of the target itself. The thick, high-Z targets attenuate photons below the 300 keV level, compared to the thinner high-Z and low-Z targets.
A side peak was commonly observed between 40
• and 60
• from the laser forward axis, corresponding to the target plane. This peak was also observed above the target, where a dose greater than the isotropic emission was measured. Examples of these shots can be seen in figures 9(a) and (b). Slight angular changes in the direction of the side peak can be explained thorough variations in the target angle between shots.
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1 Shots taken on the 3 mm gold targets produced a side peak with doses high enough for a spectral measurement to be made. A comparison between the main forward peak and this side peak is shown in figure 10 . From these data, it can be seen that there is a factor of ∼5 difference between the forward and side peaks in the low-energy region. The difference can be explained by self-attenuation in the target itself, as the targets are thinner in the direction of the target plane compared to the forward direction for the 3 mm gold targets, as the targets were also 3 mm in diameter. This highlights the requirement for shielding outside of the forward laser direction where the peak radiation emission is usually observed. Figure 10 confirms that the high-energy electrons, which generate the higher energy photon components, are directed along the laser forward direction. Although the peak dose is in the forward laser direction, there is a significant component that is emitted into 4π . This is evident in figures 4 and 9, where the isotropic dose remains above 0.5 mSv at 1 m. Assuming a sphere of radius 1 m, the surface area covered by the forward peak is very low compared to the surface area covered by the isotropic dose. An analysis accounting for the ratio of emitted radiation over a sphere gives a quantitative value of the percentage of emitted radiation in the forward cone.
Previous measurements [10, 11] show symmetry between the emitted radiation in the horizontal and vertical planes for the forward peak. For the following analysis, it was assumed that this symmetry extends over the sphere. The collected data enable a calculation of the dose contained within a segment of the 1 m sphere around the target, as shown in figure 11 , using the equation for the area of each segment Area of segment (S) = 2π hw and summing the dose per segment (D) over all segments (S) of the sphere using the equation
The emitted radiation per unit area can be calculated and a determination of the radiation components within the forward peak is made. This calculation reduces the three-dimensional emission from the target to a two-dimensional analytical technique. For this calculation it is also assumed that no peak exists from the front of the target (towards the incident laser beam). The data presented in figure 12 , for three different shots, are plotted against the minimum energy response of the TLDs, as the incident spectra on the TLDs ( figure 3(b) ) is used for this evaluation rather than the spectral bands ( figure 6 ). This is for simplification purposes only. It should be noted that, using this technique, the TLDs plotted at lower energies actually see all photons above their minimum response energy.
The forward 40
• cone contains less than 20% of the total emitted dose and shows an increase as the laser energy (and hence intensity) is increased. Therefore, over 80% of the low-energy photons are emitted isotropically. It is also apparent that a maximum of 40% of the higher energy components are directed into this cone. This also shows an increase as the laser energy is increased.
For photon energies above a few MeV, it becomes difficult to measure the radiation using TLDs. This is due to (a) the sensitivity of the detector after the filtration required to block the lower energies and (b) the turnover point apparent in the mass attenuation curves (see figure 3(b) ). Because of this difficulty, the favoured method to measure the high-energy components is via scintillation detectors [10] or by (γ , n), (γ , 2n), etc and (γ , γ ) reactions in materials producing secondary radioisotopes. Recent experiments have shown (γ , n) and (γ , 3n) reactions [12] in thick (∼3 mm) gold targets taken on the Vulcan petawatt laser under similar pulse conditions. These results show 6.7 × 10 8 and 2.5 × 10 6 generated nuclei of the isotopes 196 Au and 194 Au respectively from the (γ , n) and (γ , 3n) reactions. For high-energy (>10 MeV) photons, it can be assumed that a minimal loss of γ photons takes place within the target during the reactions, hence the equation can be used to calculate the number of generated reactions per cm (R) . N is the number of atoms per unit volume and σ is the cross-section in cm
2 . An approximation fit to the crosssection data is used to determine the number of reactions per cm, and using the thickness of the target the number of photons required to generate the measured number nuclei of each isotope is made. This approximation is limited in accuracy by (a) the fit to the cross-section made in the calculations and (b) the assumption that the majority of electrons are converted to γ -rays at the front of the target and hence travel through the total target thickness.
The TLD measurements can be converted to photon numbers using known photon to flux data to derive a photon flux from the target interaction. As the data obtained from the (γ , n) and (γ , 3n) reactions include reactions over a larger solid angle than the raw TLD data, the TLD data used also need to reflect the same angle. Since the (γ , n) and (γ , 3n) reactions require photons above 10 MeV, and the high-energy photons fall mostly within the forward 40
• cone, the TLD data can be restricted to the forward going 40
• cone. This provides a representation of the total forward photon flux and is shown in figure 13 . The energy error bars are equivalent to the bandwidth of each TLD channel (figure 6) or, for the (γ , n) and (γ , 3n) activation measurements, the full width half maximum (FWHM) of the cross-section.
Conclusion
The photon emission from a single shot on the Vulcan petawatt laser system has produced a peak photon dose of 43 mSv at 1 m with ∼250 J on target, and appears to scale with both laser intensity and laser energy. These data correspond well to data from other facilities with differing laser parameters [5, [13] [14] [15] [16] as well as simulated data [17] .
The total measured dose has been observed to be relatively independent of target material due to the dominance of low-energy photons (<1 MeV), though a relationship with target material and thickness has been observed at photon energies above 300 keV. It has been shown that the peak dose is directed into the forward laser direction rather than into the forward target normal direction as has been previously published [8, 10, 11] . This can be explained by a difference in pre-pulse conditions [10, 11] or by the increase of the laser intensity which changes the electron acceleration processes. The percentage of dose contained within the forward cone increases with the energy of the emitted radiation, but the total dose in the forward cone is less than 20% of the total emitted radiation from the target.
When operating at a full petawatt, the facility is expected to deliver an on-target intensity of ∼1 × 10 21 W cm −2 . At this intensity, the expected photon dose per shot will be ∼0.6 mSv J −1 at 1 m. With approximately 300 shots yr −1 and an on-target energy of 400 J, the laser-target interaction will produce ∼70 Sv yr −1 at 1 m. As the facility shielding provides a minimum attenuation of ∼2 × 10 6 (at ∼4 MeV), the resultant dose expected to staff and visiting scientists will be less than 0.1 mSv yr −1 . This level falls well within the Ionising Radiation Regulations 1999 (IRR99). In practice, as the maximum shielding transmission is at ∼4 MeV yet the peak photon emission is less than 1 MeV, the facility has an even greater safety factor. This allows for future upgrades to take place with minimal modifications to the facility shielding.
